Introduction: Small nerve fiber dysfunction is an early feature of diabetic neuropathy. There is a strong clinical need for a non-invasive method to assess small nerve fiber function. Small nerve fibers mediate axon reflex-related vasodilation and play an important role in thermoregulation. Assessing the reflex vasodilation after local heating might elucidate some aspects of small fiber functioning. In this study, we determined the reproducibility of the reflex vasodilation after short local heating in healthy subjects, assessed with thermal imaging and laser Doppler imaging. Methods: Healthy subjects underwent six heating rounds in one session (protocol I, N = 10) or spread over two visits (protocol II, N = 20). Reflex vasodilation was elicited by heating the skin to 42°C with an infrared lamp. Skin temperature and skin blood flow were recorded during heating and recovery with a thermal imaging camera and a laser Doppler imager. Skin temperature curves were fitted with a mathematical model to describe the heating and recovery phase with time constant tau (tau Heat and tau Cool1 ). Results: The reproducibility of tau within a session was moderate to excellent (intra-class correlation coefficient 0.42-0.86) and good (0.71-0.72) between different sessions. Within one session the differences in tau Heat were small (bias ± SD −1.3 ± 18.9 s); the bias between two visits was −1.2 ± 12.2 s. For tau Cool1 the differences were also small, 1.4 ± 6.6 s within a session and between visits −1.4 ± 11.6 s.
Introduction
Neuropathy is a common complication of diabetes, and is often accompanied by pain (Veves et al., 2008) . One of the earliest features of diabetic neuropathy is small nerve fiber damage, which likely precedes large fiber involvement (Tavakoli et al., 2010; Vas and Rayman, 2013) . Small nerve fibers are sensitive to temperature, play an important role in thermoregulation and mediate axon reflex-related vasodilation (the initial part of the vasomotor response). Small nerve fiber function is altered in diabetes and diabetic neuropathy (Charkoudian, 2003; Minson et al., 2001; Stephens et al., 2001) . Assessment of small nerve fiber function remains a challenge, however there is a strong clinical need for parameters describing the (dys)function of these nerve fibers.
Various tests are available to assess small nerve fibers. Skin biopsy and corneal confocal microscopy can be used to assess small fiber structure; thermal tests and laser Doppler can be used to assess small fiber function (Tavakoli et al., 2010; Vas and Rayman, 2013; Cruccu et al., 2010) . Both skin biopsy and corneal confocal microscopy have limitations and only assess small fiber structure, not function. Thermal testing detects temperature-and pain-thresholds, but is inherently subjective as it depends on the subject's perception. The laser Doppler and the laser Doppler flare method are often used together with heat for heat induced reflex vasodilation (Vas and Rayman, 2013; Caselli et al., 2006; Illigens et al., 2013; Namer et al., 2013) . The majority of studies use a contact heating element to warm the skin. This obstructs direct measurement of the heated area during the heating phase and information on small fiber function is only gathered after the heating phase has Microvascular Research 106 (2016) [1] [2] [3] [4] [5] [6] [7] Abbreviations: CI 95% , 95% confidence interval; ICC, intraclass correlation coefficient; LDI, laser Doppler imager; NO, nitric oxide; PU, perfusion units; RMSE, root mean square error.
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j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / y m v r e ended. Furthermore, the depth of heating and influence of pressure of the heating block on the local blood flow are unknown. Static thermal imaging has also been used to study vasomotor responses. Sun et al. (2006) found skin temperature differences to identify sympathetic damage in diabetic feet. Thermal imaging can also measure dynamic responses, i.e. the temperature course in relation to a perturbation such as heating. Dynamic thermal imaging has been used to study vasomotor responses (Nielsen et al., 2013; Gazerani and Arendt-Nielsen, 2011) , however the use of a contact-heat element results in the same limitations mentioned above. Other heating methods, such as infrared heating, have not been studied before in combination with thermal imaging. In addition, results are often expressed as absolute values or percentage increase over baseline. This does not allow description of the pattern of the temperature curve and severely limits extraction of information on dynamics of the nerve and blood flow response from the whole curve. Therefore, the temperature curves should be assessed using mathematical models that can reflect more of the ongoing physiology (Merla et al., 2002a) . Shortened local heating protocols have been used to specifically focus on the axon reflex part of the vasomotor response (Huang et al., 2012) to allow for repeated measurements in a relatively short period of time.
We developed a set-up in which non-contact heating with an infrared lamp evokes axon reflex-related vasodilation. A mathematical model described the skin temperature curve to quantify the dynamics of the response in a clinically potential relevant parameter. Impaired small nerve fiber function and reflex vasodilation could result in an altered skin temperature curve and a decreased skin blood flow response, i.e. slower recovery. The aim of this study is to determine the reproducibility of the axon reflex-related vasodilation after short local heating in healthy subjects, assessed with thermal imaging and laser Doppler imaging. In the future, this methodology can be used in diabetic and other neuropathy subjects to assess axon reflex-related vasodilation and small fiber function.
Methods
After obtaining approval from the Institutional Ethics Committee (ref NL33823.078.10), 28 healthy adult volunteers were enrolled. All subjects provided written informed consent. The subjects were free of neurological or vascular disorders and other conditions which may affect the vasomotor response. Also subjects had to refrain from smoking, caffeine and alcohol containing beverages for at least six hours prior to the measurements. The experiment consisted of two different protocols, 10 subjects participated in protocol I and 20 subjects participated in protocol II. Two of the subjects participated in both protocols.
Experimental setup and measurements
All measurements were performed in a temperature-controlled room (21-25°C) with steady illumination. Subjects acclimatized to the room for at least 15 min before the start of measurements. The experimental setup consisted of an infrared lamp (Hydrosun 750 infrared lamp with Schott BG780 optical filter, Hydrosun Medizintechnik GmbH, Müllheim, Germany), a laser Doppler imager (LDI) (Periscan PIM3 system, Perimed, Järfälla, Sweden), a thermal imaging camera (FLIR SC5600, FLIR Systems Inc., Wilsonville, USA) and custom made Matlab scripts (Matlab R2012a, The Mathworks, Natick, USA) for analysis.
The skin was heated with the infrared lamp, with the hand in the center of the lamp's heating field at a distance of 20 cm. Skin blood flux was measured with the LDI at a scanning distance of 40 cm. The scan area was set to 2 × 2 cm, i.e. a resolution of 1.6 mm (with 12 by 13 pixels) on the skin, which resulted in a scan rate of 11 images/min. The perfusion is measured in arbitrary perfusion units (PU) and the accuracy is the measured value ±10%.
The thermal imaging camera measured skin temperature from approximately 60 cm distance from the skin surface, at 5 Hz with a resolution of 640 by 512 pixels (approximately 16.0 cm by 12.8 cm) and a temperature resolution of 0.02°C, skin emissivity was set to 0.96. Skin blood flux and skin temperature were recorded simultaneously.
Protocols
We applied two different protocols: to investigate agreement between hands in a single session and to investigate agreement between different sessions. The timeline of the protocols is illustrated in Fig. 1 . Skin temperature and skin blood flow baseline values were recorded for one minute before the infrared lamp was switched on to heat the dorsum of the hand up to 42°C (heating phase). When the skin temperature reached 42°C (a small center area in the thermal picture), the lamp was switched off. The measurement continued for nine minutes, to record the natural skin cooling and the skin blood flow response (recovery phase). Between measurements there was a five minute resting period before the next cycle commenced.
In protocol I Right vs. Left, each subject had three repetitive measurements of the right hand (M0 Right , M1 Right , M2 Right ) directly followed by three measurements of the left hand (M0 Left , M1 Left , M2 Left ). In protocol II Interval repeated measurements, each subject had three repetitive measurements of the right hand (Visit 1: M0 Right , M1 Right , M2 Right ), the measurements were repeated after 7 ± 1 days to assess variation in response over time (Visit 2: MR0 Right , MR1 Right and MR2 Right respectively). For Protocol II data on thermal imaging only was recorded, LDI data were not acquired. Fig. 2 illustrates the skin temperature and skin blood flow curve and the different parameters which are derived from these measurements, describing the heating phase and recovery phase. Skin temperature was analyzed offline, the analysis procedure is described in detail in Appendix A. In brief, heat time, baseline and peak skin temperatures were obtained from the thermal imaging data. Thereafter the actual temperature curve was fitted with a mathematical model in order to obtain the time constant (tau). Physically, tau describes how fast a system responds to adapt to a new situation. In our experiment Tau reflects changes in the energy exchange. During heating the energy of the lamp has the largest contribution. During the recovery phase energy is dissipated mainly through radiation and skin blood flow. A high tau value indicates a slow change and a low tau a fast change. To fit the model, the temperature curve was divided into different sections: (1) during heating from 39°C until the lamp was switched off (~42°C) (phase Heat); (2) the early recovery phase from lamp switch off (~42°C) until 39°C (phase Cool 1); and (3) the late recovery phase from 39°C until 37°C (phase Cool 2). Cutoff points for these sections were selected based on reports that the onset of vasodilation occurs around 39°C (Magerl and Treede, 1996) , and axon reflex regulation of skin temperature is active above 37°C (Magerl and Treede, 1996; Barcroft and Edholm, 1943) .
Data analysis
Statistical analysis
Statistical analysis was performed using SPSS version 21 for Windows (SPSS Inc., USA), graphs were drawn with GraphPad Prism version 5 (GraphPad Software Inc., USA) or Matlab. Results are presented as mean with standard deviation (mean ± SD) unless stated otherwise. Variation in response between measurements was analyzed with repeated measures ANOVA with Bonferroni correction for factors of skin blood flow and skin temperature. For protocol I measurements were compared within a hand and compared between hands per measurement (e.g. M0 Right vs. M0 Left ). For protocol II measurements were compared within a session and between sessions (e.g. M0 Right vs. MR0 Right ). For skin temperature at the 15%amplitude of the LDI signal the 95% confidence interval was calculated (CI 95% ). Reproducibility was assessed using intraclass correlation coefficient (ICC). An ICC of 0.8 to 1 was considered as excellent, 0.6 to 0.79 good, 0.4 to 0.59 as moderate. Agreement between measurements was visualized by means of BlandAltman plots. A p-value of b 0.05 was considered statistically significant. Missing values and outliers were excluded from analysis. The root mean square error (RMSE) was calculated to determine the accuracy of the model fit.
Results
The characteristics of the subjects are summarized in Table 1 . In Fig. 2 skin temperature and skin blood flow of a single measurement of one subject are presented. After the start of heating, skin temperature immediately increases, and after approximately 30 s skin blood flow increases too. In the recovery phase, skin temperature and skin blood flow gradually decrease towards a steady state.
Protocol I Right vs. Left
At the beginning of the experiment, the mean room temperature was 22.3 ± 0.4°C and increased to 23.1 ± 0.3°C (p b 0.001) at the start of M0 Left . Thermal imaging, laser Doppler and fitting results are presented in Table 2 . Heating time within the first hand (right) was approximately 30% longer in the first measurement (M0 Right ), compared to M1 Right and M2 Right . This was not observed within the second (left) hand. In the right hand, baseline skin temperature increased after the first measurement (p b 0.05), whereas it was not different within the left hand. At 15%amplitude of the LDI signal the corresponding skin Fig. 1 . Protocol timeline. After a 15 min acclimation period, the measurements start. One measurement consists of three phases: the baseline (B, 1 min), heating phase (up to 42°C) and a recovery phase (9 min), followed by a 5 min rest. The measurements are executed in cycles of 3 measurements. Fig. 2 . Skin temperature and blood flux curves of one measurement in one subject. The top figure shows the skin temperature curve, the bottom figure the corresponding skin blood flux. Baseline is measured for one minute, followed by switching on the lamp to heat the skin up to~42°C, then the lamp is switched off and the recovery is measured. In the skin temperature curve three phases are identified based on temperature. Phase Heat, during the heating phase [ The time course of the temperature profile was described with tau. Higher tau indicates slower change. Tau Heat was higher than tau Cool1 indicating that temperature change in the late heating phase is slower than in the recovery phase. Mean RMSE for tau Heat and tau Cool1 were 0.14°C and 0.26°C respectively. Tau correlated for heating (phase Heat: Spearman r = 0.43, p = 0.02) and the recovery phase (Cool 1: Spearman r = 0.70, p b 0.001). For tau Heat the overall ICC (all 6 measurements) was 0.42, for tau Cool1 the overall ICC was 0.60. The ICC for tau Heat within a hand was 0.60 in the right hand and 0.58 in the left hand. For tau Cool1 the ICC was 0.62 and 0.78 in the right and left hand respectively. Agreement between repeated measurements for tau in the heating phase (tau Heat ) and in the initial cooling phase (tau Cool1 ) is plotted in a Bland-Altman graph (Fig. 3A + B) , the bias ± SD was − 1.3 ± 18.9 s and 1.4 ± 6.6 s respectively. Tau values at the end of the recovery phase (tau Cool2 ) had a very large spread (data not shown).
Protocol II Interval repeated measurements
Measurements were performed in the right hand on two separate visits. Thermal imaging and fitting results are presented in Table 3 . On both visits the heating time of the initial measurement, M0 Right and MR0 Right respectively, took more time than the subsequent rounds to heat up to 42°C. There was no significant difference in heating time between the two visits. Mean baseline skin temperature increased with approximately 2°C after the initial measurement M0 Right , this was also the case within the second visit. Tau Cool1 increased after the initial measurement. Mean RMSE for tau Heat and tau Cool1 were 0.20°C and 0.30°C respectively. For tau Heat the overall ICC (all 6 measurements) was 0.71, for tau Cool1 the overall ICC was 0.72. The within session ICC for tau Heat was 0.70 for visit 1 and 0.79 for visit 2. For tau Cool1 the within session ICC was 0.86 for visit 1 and 0.84 for visit 2. Agreement between visits for tau Heat and tau Cool1 is plotted in a Bland-Altman graph (Fig. 3C + D) , the bias ± SD was −1.2 ± 12.2 s and −1.4 ± 11.6 s respectively. Tau values at the end of the recovery phase (tau Cool2 ) had a very large spread (data not shown).
Discussion
The reproducibility of axon reflex-related vasodilation assessed with thermal imaging and laser Doppler imaging is good. The dynamics of the vasomotor response can be accurately described with tau Heat and tau Cool1 during the heating and recovery phase respectively. Tau is reproducible cycle after cycle, and between two sessions a week apart.
We quantified the thermal response by fitting a model to describe the heating and recovery curve with one factor (tau). We found that tau was reproducible both within a session and between different occasions of measurements, for temperatures above 39°C. Reproducibility of skin vasodilation has been assessed by others (Huang et al., 2012; Tew et al., 2011; Roustit et al., 2010) using different setups and parameters, making it difficult to compare these results to our study. Tew et al. (2011) found an ICC of 0.54 and a bias of − 3 (limits of agreement − 25 to 20) for inter-day reproducibility of the initial peak of laser Doppler, expressed as percentage of the maximal cutaneous vascular conductance. The between visit ICC we found is higher, the bias and limits of agreement are similar to the difference found in our study. However they did not investigate the reproducibility between multiple measurements per session. Within session ICC was higher in protocol II compared to protocol I, we do not have an explanation for the observed difference in ICC.
For skin temperature below 39°C, tau variation increased enormously, probably because of the passive nature (skin blood flow did not alter) in this phase and the variation between subjects in passive thermodynamic parameters, and no useful information could be identified because of this variation.
Furthermore we found that tau Cool1 differs between measurements. Tau Cool1 in the initial measurement (M0) is lower than in the subsequent rounds. This phenomenon is also present one week later and a similar pattern is seen in the Right vs. Left protocol. The underlying mechanism is unknown. Because the difference is also present in the second hand within a single session, this suggests that it is likely caused by a local process. It is also unlikely that this difference is caused by changes in baseline skin temperature or skin blood flow, because no changes in these parameters were observed in the left hand (Right vs. Left protocol) while tau Cool1 increased. We speculate that energy storage in deeper tissue layers is the cause of the observed difference. Others (Wilson and Spence, 1988; Frahm et al., 2010) have used temperature distribution models to estimate temperature in deeper tissue layers and concluded that temperature change may be ongoing even after removal of the stimulus. Another explanation for part of the observed difference could be that we applied repeated heating with short intervals in our study. Some (Frantz et al., 2012; Ciplak et al., 2009) but not others (Del Pozzi and Hodges, 2015) report a different response following repeated local heating. This effect should be investigated in future research.
Application of infrared heat resulted in a significant increase in skin temperature and skin blood flow, this is in agreement with previous reports by others using various heating paradigms (Gazerani and Arendt-Nielsen, 2011; Huang et al., 2012; Johnson and Kellogg, 2010) . The initial skin blood flow peak mediated via the sensory afferents occurs after approximately 3-5 min of heating. The nitric oxide (NO) mediated phase starts approximately 10 min after the onset of heating (Charkoudian, 2003) . In our study the mean heating time ranged from 3.5-7 min, as this is well under 10 min it is unlikely that NO mediated vasodilation was initiated. Also in none of the subjects a nadir or second peak was observed. Therefore, we believe the sensory afferents are the major contributors to the response we observed in this experiment and the contribution of NO, if present at all, is small. Differences in skin temperature curve waveforms in the heating and recovery phase are precisely described by tau. The differences observed in heating and recovery are largely caused by changes in skin blood flow. Skin blood flow is at its peak around 42°C, transferring heat away from the skin surface. This resulted in a higher tau for the heating phase compared to the recovery phase, i.e. quicker change in the recovery phase compared to the heating phase. The onset of vasodilation (skin temperature at the 15%amplitudeLDI point), set-in around 39.3°C. Magerl and Treede (1996) ) found that slowly rising heat induced vasodilation at 39.6°C, this is slightly higher than the 39.3°C we found but the difference is probably due to differences in heating protocol, definition of onset of vasodilation and measurement devices.
In the current study we selected a target end temperature and therefore heating time and heating rate were variable. From literature we know that heating rate influences the subsequent skin blood flow response (Hodges et al., 2009) . Rapid increases trigger cutaneous pain receptors and alter the response to local heating (Carter and Hodges, 2011 ). In the current study, the heating rate was slow -modest and below 0.05°C·s −1 for nearly all measurements. In 10 out of 180 measurements (four subjects) the heating rate was higher (max. 0.078°C·s
). None of our subjects reported pain during heating. Also the heating was not rapid, therefore we do not expect that the above described phenomenon played a role in our study. Also the amount of external energy input by the infrared lamp varied, but this did not affect tau [Wu, unpublished observations] .
There could also be additional confounding factors which we did not take into account or corrected for. Known factors that influence thermoregulation or cause temperature fluctuations include fast from food intake, exercise and menstrual cycle (Johnson and Kellogg, 2010; Charkoudian et al., 1999) . Controlling for some of these factors could reduce variability and enhance the power of this technique. The next step would be to quantify the axon reflex-related vasodilator response in (diabetic) patients with small fiber dysfunction or vasomotor dysfunction, using this fitting model. We believe patients with small fiber dysfunction will have an altered axon reflex-related response and subsequently a different tau compared to healthy subjects. Fitting routines have been successfully used by others to identify altered vasomotor responses in patients with diabetes (Bandini et al., 2013) and Raynaud's (Merla et al., 2002a (Merla et al., , 2002b Ismail et al., 2014; Mariotti et al., 2009) . Showing this methodology could be helpful to quantify the vasomotor response and identify subjects with altered responses. As only hands of young subjects were studied, caution should be taken to extrapolate these results to other body regions and older subjects.
Conclusion
The heat induced axon reflex-related vasodilation, assessed with thermal imaging and laser Doppler imaging, is reproducible both within a session and between different sessions. Tau describes the temporal profile in one parameter and represents the effects of all changes including blood flow and as such, is an indicator of the vasodilator function. Tau Heat and tau Cool1 can accurately describe the dynamics of the axon reflex-related vasodilator response in the heating and recovery phase respectively. This methodology can be applied in neuropathy patients in an effort to monitor and quantify small nerve fiber function and axon reflex-related vasodilation.
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where T sf is the skin temperature in units of Kelvin, t time and c the thermal capacity of the skin.
In the right side of Eq. (1), Q i is constant and mainly determined by the lamp radiation during the heating phase, and is equal to zero in the cooling phase. The metabolic heat (M) is assumed constant all the time.
where ε is the emissivity of the skin, σ is Stefan-Boltzmann constant, T e is the room temperature in the unit of Kelvin. In our case, Q s-e can be further approximated as a linear function:
In which α and β are two constants. C is derived from the work of Fujimasa and Pavlidis (Fujimasa et al., 2000; Pavlidis and Levine, 2002) .
where K is the thermal conductivity of the skin, D is the depth of the core temperature point from the skin surface.
In which ω b is the skin blood flow, c b the thermal capacity of the blood, T b is the temperature of the skin blood in the unit of Kelvin. The skin blood flow removes the energy in the skin when the skin temperature is higher than the blood temperature, and brings energy when the skin temperature is lower than the blood temperature.
Eq. (1) can be converted into an approximated linear function dependent on the skin temperature: The solution to Eq. (7) is
or
In which T 0 =T sf (t=0) and τ = -1/A. The time constant tau (τ) indicates the rate of the dynamic change in the skin temperature during the heating and the cooling. Values were obtained through a least square curve fitting method. Eq. (9) is considered as the general function form of the skin temperature, a computer program in MATLAB was made to input a set of possible values for τ and B, and to compare the modeled skin temperature with the measured skin temperature. The quality of the curve fitting was indicated by the root mean square error (RMSE) . The values of τ and B were obtained when the best curve fitting (minimum RMSE) was found.
